Abstract-We describe the microfabrication and bandstructure of large scale three-dimensional (3-D) photonic bandgap (PBG) materials based on self-organizing templates. The simplest of these templates is an fcc lattice of close-packed, weakly sintered spheres. Other templates include hcp and hexagonal AB 2 selforganizing photonic crystals. These photonic crystals may be converted into PBG materials by partially infiltrating the template with high refractive index semiconductors such as Si, Ge, or GaP and subsequently removing the template. The resulting "inverse opal" structure exhibits both a photonic pseudogap and a complete (3-D) PBG in the near visible spectrum, spanning up to 15% of the gap center frequency. The local density of states (LDOS) for photons exhibits considerable variation from point to point in coordinate space and reveals large spectral gaps even in the absence of a PBG in the total density of states. These gaps in the LDOS may lead to novel effects in quantum and nonlinear optics when active atoms or molecules are placed within the PBG material. These effects include anomalous, low threshold nonlinear response, collective atomic switching, and low-threshold all-optical transistor action. When an optically birefringent nematic liquid crystal is infiltrated into the void regions of the "inverse" opal PBG material, the resulting composite material exhibits a completely tunable PBG. In particular, the 3-D PBG can be completely opened or closed by applying an electric field which rotates the axis of the nematic molecules relative to the inverse opal backbone.
I. INTRODUCTION

P
HOTONIC bandgap (PBG) materials represent a new paradigm in quantum and nonlinear optics. These materials were predicted theoretically as a means to realize two fundamentally new optical principles, namely, 1) the localization and trapping of light in a bulk material [1] , [2] and 2) the complete inhibition of spontaneous emission [3] , [4] over a broad frequency range. The novel consequences of PBG materials flow directly from the realization and implementation of these two underlying principles. Unlike optical confinement of a single resonance mode in a highquality optical cavity, localized electromagnetic modes in a bulk PBG material are completely decoupled from the vacuum modes of free space and the spatial extent of the localized modes can be engineered to be an arbitrary number of optical wavelengths. Unlike Fabry-Perot resonators or Manuscript received April 9, 1999 ; revised August 13, 1999 . This work was supported in part by the New Energy and Industrial Technology Development Organization (NEDO) of Japan Photonics Research Ontario and the Natural Science and Engineering Research Council of Canada. The work of K. Busch was supported by the Deutsche Forschungsgemeinschaft (DFG) under Bu 1107/1-1.
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Publisher Item Identifier S 0733-8724(99) 08846-5. distributed feedback laser cavities which confine light in one spatial dimension, the PBG material facilitates coherent localization of light in all spatial directions. Unlike microdisk or microsphere cavity resonators which perturb the local density of states (LDOS) of the electromagnetic vacuum, the PBG material completely suppresses the total photon density of states (DOS). Accordingly, the trapping of light in localized modes of a PBG material is far more robust than the resonance trapping of light in conventional microcavity modes. Moreover, it is possible to engineer an arbitrary number of individual localized states which may interact weakly with each other inside a large scale PBG material, but which maintain their immunity from vacuum modes outside the PBG material. This facilitates the development of large scale integrated optical circuits within a PBG in which the nature of radiative dynamics is controlled by the LDOS of photons within the photonic crystal rather than the free space DOS outside the photonic crystal. This unique combination of light localization and the complete control of radiative dynamics distinguishes PBG materials from any previously studied optical system. Although the band structure of classical scalar waves readily yields complete three-dimensional (3-D) gaps for simple structures such as an face-centered cubic lattice of spherical scatterers [5] , the vector nature of the electromagnetic wave equation leads to much more restrictive conditions on the dielectric microstructure for the formation of a PBG. Initial difficulties in designing structures that exhibit a complete PBG, were allayed by the discovery that the diamond lattice of dielectric spheres exhibits such a frequency range for which (linear) wave propagation is forbidden [6] . In the microwave regime, other diamond-like structures obtained by drilling cylindrical holes in a bulk dielectric material (with refractive index of 3.5) have been demonstrated to exhibit band-gap to center frequency ratios as large as 20% [7] . Since then, numerous structures amenable to layer by layer fabrication and drilling, that possess complete PBG's have been suggested [8] - [11] . A number of structures have already been fabricated with PBG's in the range of millimeter waves [12] - [14] .
These structures not only confirm the soundness of the concept of a PBG but also have interesting applications in the microwave to millimeter wave range. For instance, an antenna mounted on a conventional dielectric substrate emits the majority of its radiation into the substrate itself. If the substrate is engineered into the form of a PBG material with a gap at the radiation frequency, the losses can be minimized, leading to highly directional transmitters [15] , [16] . Other 0733-8724/99$10.00 © 1999 IEEE applications include angular filters [17] and cladding material for preventing losses in waveguide structures that contain bends or junctions [18] - [20] .
Nevertheless, it is for visible and near-infrared frequencies where PBG materials are likely to have their most important impact. For example, applications in telecommunications may require the fabrication of large scale 3-D PBG materials with a gap centered around 1.5 m These applications may include the design of zero-threshold micro-lasers, light emitting diodes which exhibit coherence properties at the single photon level, subpicosecond optical switches, and all-optical transistors. In addition, PBG materials represent a new frontier in photonatom interaction phenomena and nonlinear optics. The single greatest obstacle to realizing the potential of PBG materials has been the lack of an inexpensive and reliable means of microfabricating large scale 3-D materials with sizeable gaps at near-visible frequencies. In this paper we discuss in detail the possibility of overcoming this obstacle using self-assembling 3-D structures based on "inverted opals." Starting from 1) a close-packed face centered cubic lattice of SiO spheres (opal) with diameter on the scale of a micron, PBG materials with gaps in the range of 5-15% of the center frequency may be realized by infiltration of the opal with high refractive index materials such as Si or Ge, and subsequently removing the SiO by chemical etching. Other useful templates include 2) the hcp lattices of spheres and 3) the hexagonal AB structure involving a large A-sphere and two smaller B-spheres in each unit cell.
These structures may exhibit a number of novel effects in quantum and nonlinear optics. While linear wave propagation is absent in the gap of a PBG material, nonlinear propagation effects in the form of ultrashort solitary wave pulses can still occur. Recent studies indicate that as a result of their large group velocity dispersion near a photonic band edge and complex symmetries, PBG materials exhibit a much richer variety of nonlinear wave propagation phenomena than conventional waveguides or optical fibers [21] - [23] . In addition, PBG materials exhibit novel quantum optical features, related to the drastic alteration of the photon DOS. A vanishing DOS leads to bound photon-atom states, [24] , [25] suppressed spontaneous emission [3] , [4] , [26] , [27] and strong localization of photons [2] , [24] , [25] , [28] . Unlike conventional microcavities and other confined optical systems, PBG materials support propagation effects on the scale of the localization length for photons leading to new types of cooperative behavior involving photons and atoms. In a PBG material, photon localization effects render the master equation approach of standard quantum optics problematic since localization implies highly non-Markovian memory effects in radiative dynamics. In addition, it requires a nonstandard treatment which goes beyond the Born approximation [29] . Among the novel phenomena predicted in this new frontier of quantum optics are:
1) collective switching of two-level atoms from ground to excited state with low intensity applied laser fields leading to low-threshold all-optical transistor action [30] ; 2) anomalous superradiant emission rates and lowthreshold band-edge lasers [28] ;
3) low threshold nonlinear optical response [31] ; 4) highly nonclassical states of light within the PBG in the form of multiphoton localization and propagating quantum gap solitons [32] . These very exciting prospects for PBG materials with bandgaps in the visible, have triggered numerous efforts to manufacture such structures, with periodicity on the optical scale. Two-dimensional PBG materials [33] - [36] with bandgaps (complete in two, incomplete in three dimensions) around wavelengths of 5 m already exist. Silicon samples with several hundred lattice constants and high aspect ratio have been synthesized [35] , [36] and the (electrochemical etching) technique has now achieved a 2-D PBG with a gap centered at 1.5 m [37] . A number of lower aspect ratio 2-D structures have also been studied [38] . In three dimensions a number of self-assembling photonic crystals already exist. These include colloidal systems [39] - [41] and artificial opals [42] - [44] . Unfortunately, these readily available photonic crystals do not satisfy the necessary criteria of high index contrast and correct network topology to produce a complete PBG. Theoretical studies, however, indicate the possibility of complete PBG in closely related structures. Binary colloidal mixtures [45] consisting of two sizes of TiO spheres as as well as fcc lattices consisting of low dielectric inclusions in a connected high dielectric network (henceforth called inverted structures) exhibit sizable PBG's. The latter possibility has spurred highly interesting work on emulsion templating [46] , micro structuring of silicon [47] , [48] and on the infiltration of opals with TiO [49] and carbon [50] . The remarkable structure produced by Wijnhoven and Vos [49] comes tantalizing close to having a 3-D PBG. We expect that these techniques will soon lead to the first large scale PBG material with a complete 3-D gap at near-visible frequencies. Moreover, we discuss ways in which the PBG materials represent a new frontier for the realization of certain novel low threshold nonlinear optical effects. Finally, we illustrate the principle of a fully tunable electromagnetic vacuum with detailed results in an inverted opal made out of silicon into which the low index nematic liquid crystal BEHA [51] is infiltrated. For this structure, we find that a 2% PBG may be opened or closed by means of an applied electric field which changes the orientation of the nematic director. In this manner, the PBG can be either globally altered or locally addressed by applied voltages. The time scale of electro-optic modulation of the PBG may be on the scale of microseconds to milliseconds depending on the response time of the nematic.
II. FORMULATION OF THE MATHEMATICAL PROBLEM
In order to determine the photonic band structure of anisotropic crystals we start with the wave equation satisfied by the magnetic field for a 3-D periodic array of scatterers (1) where 0. The dielectric tensor is periodic with respect to the set of lattice vectors generated by the primitive translations 1, 2, 3 that describe the structure of the photonic crystal. It may be expanded in a Fourier series on the reciprocal (dual) lattice corresponding to (2) Equation (1) comprises a set of three coupled differential equations with periodic coefficients. Using the Bloch-Flouquet theorem, we may expand the magnetic field as (3) where labels the two transverse polarizations for any plane wave such that and form a orthogonal triad. Due to the discrete translational symmetry of the lattice, the wave vector labeling the solutions may be restricted to lie in the first Brillouin zone (BZ). We discuss from the outset, the general case of the anisotropic dielectric tensor. The special case of an isotropic (nonbirefringent) medium can be obtained by replacing the dielectric tensor by a scalar times the unit tensor. In general, care must be exercised in identifying the irreducible part of the Brillouin zone (IBZ): The dielectric tensor in (1) may have less rotational symmetries than the underlying lattice and consequently, the IBZ for a photonic crystal containing anisotropic materials may be considerably larger than the IBZ for the corresponding isotropic crystal. Rather than dealing with an IBZ that changes from problem to problem, we choose to work with the standard IBZ for the isotropic material and solve (1) not only for the given form of the dielectric tensor, but also for all inequivalent transformations of it with respect to the rotational symmetries of the underlying lattice.
Consider an optimized inverted opal consisting of a connected high index backbone material such as silicon with total volume fraction of 24.5% [52] . This structure consists of an fcc lattice of close packed air spheres where the space between the spheres has been 90% filled with silicon leaving only tiny air voids between the air spheres. The air spheres themselves are now partially infiltrated with a nematic liquid crystal that wets the interior surface and results in a homogeneous coating (see Fig. 1 ). The corresponding dielectric tensor is given by (4) where and describe the location of the optically isotropic backbone (is) and the liquid crystal (LC) material, respectively, within a Wigner-Seitz cell.
is unity if and zero elsewhere while is unity for and zero elsewhere. For the optimized opal and where is the cubic lattice constant of the fcc lattice [52] . The dielectric tensor for silicon is proportional to the unit tensor, i.e.,
For bulk nematic liquid crystal we may choose a coordinate system in which the dielectric tensor is diagonal with principal entries parallel and perpendicular to its director respectively. For the inverse opal, the coordinate system is fixed by the high index backbone and the director can have different orientations with respect to this reference frame. Consequently, the dielectric tensor of the nematic takes the form diag (5) where is a rotation matrix which acts on the corresponding diagonalized tensor. The angles and describe the orientation of the director with respect to the inverse opal coordinate system (see Fig. 1 ). Clearly, the subset of inequivalent rotational transformations (chosen from the larger group of rotational symmetries of the backbone) depends crucially on the orientation of As mentioned above, by restricting ourselves to the standard IBZ of the fcc lattice we must compensate by computing the bandstructures for all distinct dielectric tensors in the set
Here is the lattice point group which in the case of an fcc lattice has 48 elements. This algorithm is equivalent to computing a single bandstructure throughout the actual IBZ of the birefringent PBG material. As an example, consider the case 0: It is easily checked that for 0 the set has three elements whereas for 0 the set has six elements. In the general case ( 0, 0) there are twelve inequivalent transformations of (for (1, 1, 1), i.e., /4 and the set contains only four elements). Inserting (2) and (3) into (1) results in an infinite matrix eigenvalue problem (6) where the matrix elements are given by (7) Once (6) has been solved for both eigenvalues and eigenvectors, the electric field corresponding to a given eigenfrequency can be computed from Maxwell's equation (8) Here, the subscript labels the bands. Finally, it follows from the orthonormality of eigenvectors of (6) , that the Bloch functions and obey the following orthonormality relations:
For numerical purposes, (6) is truncated by retaining only a finite number of reciprocal lattice vectors [52] . In the case of birefringent or biaxial dielectric materials, the dielectric tensor in (2) is real and symmetric. For materials with inversion symmetry,
, (6) is likewise a standard real symmetric eigenvalue problem. The main numerical problem in obtaining the eigenvalues from (6) is the evaluation of the Fourier coefficients of the inverse dielectric tensor in (7) . As in the case of isotropic dielectric materials [52] , this can be done in two different ways. One can calculate the inverse dielectric tensor in real space and then compute its Fourier coefficients. We refer to this as the direct method. Alternatively, one can calculate the matrix of Fourier coefficients of the real space tensor and then take its inverse to obtain the required Fourier coefficients. The latter method was shown by Ho, Chan, and Soukoulis (HCS) [6] to be more efficient than the direct method for the isotropic dielectric tensor. Since both Fourier transformation and matrix inversion are linear operations, for a complete set of plane waves the eigenvalue spectrum obtained by the direct method and for the HCS method must coincide exactly. However, we are numerically restricted to operate on a finite dimensional subspace of the full reciprocal space. This leads to dramatically different rates of convergence of the two methods as the dimension of the subspace (number of plane waves) is increased. Just as in the case of isotropic dielectric materials, for the birefringent PBG, we find that the HCS method converges substantially faster than the direct method. For instance, eigenfrequencies computed with HCS method for 531 and 1219 plane waves, respectively, differ at most by 0.01% of their absolute value, whereas with the direct method the results vary by more than 10%. The results presented below were obtained with HCS method using 531 plane waves.
Transmission experiments on PBG materials usually do not probe all the details of the dispersion relation directly, but rather measure the number of states available for a given direction of propagation. Integrating this number of states over all directions describes the average behavior of the structure under consideration yielding the total density of states (DOS). Mathematically, the total DOS, is defined as (11) where BZ stands for the first Brillouin zone. For application to quantum optical experiments in PBG materials it is, however, necessary to proceed one step further. Consider an excited atom at some specific location within a PBG material. In order for the atom to decay via a single-photon process it needs to emit a photon into a Bloch mode of the PBG material. Consequently, it is the local coupling (overlap matrix element) of the atomic dipole moment to photons in this modes that determines the decay rate of the excited atom [55] , [56] .
Assuming that an allowed electric dipole transition is the dominant decay channel, we may combine (overall) mode availability and coupling to the mode in the so-called projected or local DOS (LDOS), , defined as (12) where are the Bloch functions of (8) . Since the dispersion relation is generally known only numerically [by solving (6) ], the -space integral in (11) has to be suitably discretized. For our computation we use the linear tetrahedron method [53] in its correctly symmetry weighted form [54] . Details for the evaluation of DOS and LDOS can be found in [52] - [54] . The total DOS can be recaptured from the LDOS using (10) . For an isotropic dielectric tensor, this reduces to (13) This provides a convenient way of checking the accuracy of our -space integration.
In what follows we will describe the total DOS as well as the LDOS of self-organizing PBG materials. The LDOS will play a crucial role in spontaneous emission dynamics from atoms and molecules placed within a PBG material, non-Markovian behavior in the photon-atom interaction and collective behavior such as lasing and nonlinear switching effects. In particular, we find that the LDOS may be profoundly different from the total DOS, so that a judicious choice of where in the PBG material dopant atoms are placed may be crucial for the success of quantum optical experiments. In addition, we investigate band structures, total DOS and LDOS of materials that are yet to be fabricated. We hope that this will provide some insight for successfully manufacturing PBG materials with complete PBG's in the visible. Also it will serve as a guide for realizing many of the quantum optical experiments, suggested by theory [24] - [31] , [55] , [56] .
III. PHOTONIC BAND STRUCTURE OF THE NONBIREFRINGENT INVERSE OPAL
We begin by reviewing the electromagnetic band structure of the purely semiconductor inverse opal. This follows from the general formulation in (4) by setting Our discussion below follows closely the actual procedure by which these structures are microfabricated starting from the template.
A. Artificial Opals
Artificial Opals themselves come as close-packed structures of monodisperse SiO spheres with dielectric constants ranging from for bulk SiO down to for spheres of diameter 0.2 m Similar to the case of TiO spheres in water, no complete gap is found for any filling ratio of the SiO spheres. A typical total DOS is shown in Fig. 2 . However, it has long been known that the inverted fcc structure, i.e., close-packed low dielectric spheres in a high dielectric matrix possess a complete PBG [57] . We present below a detailed study of inverted structures which are currently being manufactured [49] , [50] 
B. Infiltration of Opals with Various Dielectrics
The recipe of producing inverted structures from artificial opals is to infiltrate them with a high dielectric material and to subsequently etch out the SiO spheres, leaving behind a connected network of high dielectric material with filling ratios around ("swiss cheese structures"). The etching out of the SiO enhances the dielectric contrast, which, in turn, leads to larger gaps. Moreover, the presence of air voids rather than solid SiO greatly eases the injection of atomic vapors with which quantum optical experiments can be carried out and also facilitates the infiltration by active materials such as conducting polymers and dyes for laser applications. In Fig. 3(a) and (b), as well as Fig. 4(a) and (b) , we present the bandstructure and corresponding total DOS of an inverted fcc and hcp structure consisting of close-packed air spheres in a silicon matrix with dielectric constant 11.9. We observe that the fcc structure possesses a pseudo-gap between the fourth and fifth band around the dimensionless frequency and a complete 4.25% bandgap between the eighth and ninth band with a center frequency of 0.794. Similarly, the hcp structure exhibits a less pronounced pseudo-gap between the 8th and ninth band around 0.364 and a complete 2.8% gap between the 16th and 17th band with a center frequency 0.570. The occurrence of the pseudo-gap as well as the complete gap between higher bands bands for the hcp structure stems from the fact that the hcp crystal constitutes a hexagonal lattice with a two atom basis. In addition, the lattice constants of fcc and hcp differ by a factor of , so that pseudo-gap and complete gap occur at roughly the same frequencies for both structures. Fig. 5 shows the dependence of the gap size of the inverted close-packed fcc lattice as a function of the background index of refraction. Materials like silicon ( 3.45) and germanium ( 4.0) produce bandgaps of a relative size 4.25% and 7.35%, respectively. Fig. 6 displays the dependence of the relative gap size for the inverted silicon fcc structure on the radius of the air spheres. Obviously, there exists an optimal filling ratio for slightly overlapping spheres that maximizes the gap.
C. Effect of Sintering and Incomplete Infiltration
The manufacturing process of infiltrated opals itself suggests two possible approaches to enlarging the PBG: 1) Sintering the artificial opal prior to infiltration improves the stability of the structure and makes it easier to handle. With sintering, the formerly touching spheres are now bonded by a tube-like connection. Infiltrating this sintered structure will result in an inverted structure with a slightly smaller filling ratio of high dielectric material. 2) In practice [49] , the infiltration of a close-packed opal structure may lead only to an incomplete occupation of the void regions between the SiO spheres. This can be modeled by assuming that the high index material (Si or Ge) "wets" the surface of the SiO spheres up to a certain thickness. After removal of the SiO the resulting structure consists of of air spheres coated with high dielectric material, rather than consisting of air spheres in an entirely filled high dielectric matrix. This structure with a small interstitial void between air spheres is depicted in Fig. 1 . Fig. 7 shows the dependence of the relative gap size of the inverted fcc structure on sintering the artificial opal prior to infiltration. Here, we assume that sintering the artificial opal leads to the formation of tubes connecting the sphere centers of adjacent touching spheres. Accordingly, we plot in Fig. 7 the gap size of silicon-infiltrated artificial opals on the radius of the sintering tube. Clearly, there is a drastic enhancement of the gap size for a tube radius around 0.133 , where is the lattice constant of the fcc lattice. This result is consistent with similar results obtained Chan et al. [9] for the A7 structure. Both cases support the concept that PBG formation is enhanced by the presence of a true network topology, since sintering improves the connectivity of the air fraction. Once the sintering radius exceeds a certain value, infiltrating the sintered opal does not deposit enough high dielectric material to sustain the bandgap and it quickly collapses. Fig. 8 displays the dependence of the gapsize of the inverted fcc structure on the degree of incomplete infiltration. Again, we choose to plot the results of the silicon-infiltrated artificial opal, where silicon is now assumed to form a coating of the closed-packed air spheres. We observe that a slightly incomplete infiltration actually leads to a strong enhancement of the gapsize compared to the completely infiltrated structure. For a coating radius of 0.445 (corresponding to about 24.5% total volume fraction of silicon) the gap size of the incompletely infiltrated structure is doubled compared to the fully infiltrated one. Once again, as the infiltration becomes more and more incomplete, the bandgap eventually disappears altogether as there is not enough high dielectric material to sustain a bandgap.
We have performed similar studies on the hcp structure and found analogous dependencies of the gap size on the background dielectric constant, sphere radius, radius of sintering tubes and coating radius for incomplete infiltration. Overall, the gapsize for a given inverted hcp structure is generally a little smaller than the gapsize of the corresponding inverted fcc structure.
D. AB Structure
Besides the inverse opal structures of air spheres arranged in an fcc or hcp lattice that are surrounded by a high index backbone material, there exist technological possibilities to create related structures from binary colloidal systems: large A-spheres (radius ) and smaller B-spheres (radius ) selfassemble into a hexagonal lattice [58] . Close-packed sheets of A-spheres are stacked on top of each other and the B-spheres position themselves in the large intersheet voids, such that every A-sphere is surrounded by 12 B-spheres. Each B-sphere has six A-spheres as its nearest neighbors. As a consequence, the crystal's unit cell consists of one A-sphere and two B-spheres. Sintering this structure, infiltrating a high index material and subsequently etching out the sphere material can be done in very much the same way as for the inverse opal structures. What remains is a high index material backbone in which air spheres of radius and are arranged in the hexagonal lattice described above. We have calculated bandstructure and DOS for a number of structures possessing radii close to the optimal ratio 0.58 for self-assembly of the template. In Fig. 9 we show the DOS for a structure with and 0.254, where is the lattice constant of the underlying hexagonal lattice. For these structures we find strong variations in the DOS over a wide frequency range from 0.5 to 0.85 with three well-pronounced pseudogaps (for the parameters of Fig. 9 these pseudogaps are located around 0.56, 0.7, and 0.78, respectively). The two lowest-lying pseudogaps are separated by a region with very large DOS values. For the particular values of the parameters of Fig. 9 , we observe that the strongest pseudogap is just at the threshold for transforming into a full PBG.
E. Local Density of States
To complete the investigation of the properties of inverse opals, we turn our attention to the local density of states: As discussed in Section II, the spontaneous emission dynamics of active media in photonic crystals is determined by the LDOS, rather than the total DOS, It is, therefore, imperative to have detailed knowledge about the LDOS in order to understand and predict the outcome of fluorescence experiments. In Fig. 10(a) and (b) , we show the LDOS for the fully infiltrated inverse opal made of silicon for two different locations within the Wigner-Seitz cell of the photonic crystal [the corresponding total DOS is shown in Fig. 3(b) ]. Fig. 10(a) displays the LDOS at the center of the air spheres whereas Fig. 10(b) shows the LDOS inside the dielectric backbone, furthest away from the center of the air spheres. Comparing with the total DOS of Fig. 3(b) , we find that the LDOS may be drastically different from location to location within the Wigner-Seitz cell of the photonic crystal [52] , [56] . This is a direct consequence of the fact that the natural modes of the photonic crystals are Bloch waves rather than plane waves and are, in general, far from having a uniform modulus. Depending on the band index they prefer to "reside" predominantly in either low or high dielectric index regions (so-called "air" and "dielectric" bands). Only in the case of very low index contrast ("nearly free photons") may the total DOS be viewed as a reliable guide to interpreting fluorescence phenomena. Nevertheless the total DOS ia a valuable upper bound on the LDOS.
IV. QUANTUM AND NONLINEAR OPTICS IN A THREE-DIMENSIONAL PBG MATERIAL
A. Low Threshold Nonlinear Optics
Photonic bandgap materials represent a fundamentally new paradigm for low threshold nonlinear optical phenomena. The ability to achieve ultrafast nonlinear optical response in a nonabsorbing material is crucial in applications such as all-optical switching and all-optical transistors for integrated optical circuits. In a conventional Fabry-Perot device containing a weakly nonlinear layer, transistor-like response requires relatively high intensity laser fields. The situation may be dramatically different in the context of a 3-D PBG material where the inhibition of spontaneous emission from atoms and molecules is essentially complete.
Consider the interaction of a classical monochromatic electromagnetic wave of frequency with a two-level atom which has a radiative transition at a near visible frequency We suppose that the detuning For weak fields, the response of the two-level atom is that of a simple harmonic oscillator since the atom spends the majority of time in its ground state. Whenever the external field excites the atom, it quickly returns to its ground state due to the rapid rate of spontaneous emission. As the external field intensity is increased, the upper state population increases and eventually saturates. This is associated with nonlinear response. The appropriate mechanical analogy for the quantum two-level system is no longer a classical harmonic oscillator, but rather a simple pendulum (atomic Bloch vector) whose coordinates are given by the different components of the 2 2 atomic density matrix. Small angle oscillation of the atomic Bloch vector describes linear response whereas large angle oscillations probe the nonlinear susceptibility of the atom. The threshold external field required to probe nonlinear response is called the line center saturation field strength which is related to the rate of spontaneous emission by the formula [59] (14) Here, is the rate of dipolar dephasing and is the electric dipole transition matrix element for the atom. In ordinary vacuum, the textbook formula [59] for the nonlinear susceptibility is (15) Here, is a frequency independent constant, is the detuning of the external field of amplitude and frequency Clearly, the susceptibility, is independent of for whereas it has a highly nonlinear dependence on for This widely accepted picture of nonlinear optical response in ordinary materials is no longer applicable in a 3-D PBG material in which two-level atoms have a radiative transition at frequency that lies within the PBG. Inside a PBG, the rate and accordingly the threshold intensity formally vanish. While this is suggestive of low threshold nonlinear optical response, it is in fact an indication that the entire derivation of the conventional susceptibility, (15) , must be carefully reexamined in the context of the PBG. In particular, (15) is based on retaining only the leading order photon-atom interaction, namely spontaneous emission. In the PBG, this leading process is almost absent. Therefore, it is necessary to consider the next process, namely resonance dipole-dipole interaction (RDDI) between a pair of two-level atoms. A straightforward derivation [31] of the nonlinear susceptibility in this context leads to some remarkable effects. For example, it is possible (at relatively low field intensities) to completely saturate the imaginary (absorptive) part of while retaining a large real part for This arises in a situation where a collection of atoms inside a PBG interact randomly by RDDI and an external field enters the material through a small number of defect (waveguide) modes. Due to the inhibition of spontaneous emission, the single atom absorptive transition is saturated at nearly the one-photon level. However, due to the random nature of RDDI, the induced atomic dipoles are randomly oriented and remain highly susceptible to alignment (macroscopic polarization) by the external field.
B. Collective Switching and Transistor Effects
A second illustration of novel radiation-matter interaction in a PBG material arises if a collection of two-level atoms is selected such that their radiative transition lies very close to a photonic band edge. Near the photonic band edge, the electromagnetic density of states varies rapidly with frequency and the spontaneous emission processes cannot be adequately described using Fermi's Golden Rule. We refer to the case in which exhibits singularities or abrupt variation as a "colored vacuum." In the colored vacuum of a photonic band edge it is possible to achieve population inversion for a collection of two-level atoms driven by a weak coherent pump laser field. As the number of atoms in a cubic wavelength increases, this switching from a passive medium (most atoms in ground state) to an active medium (population inverted) occurs as an abrupt jump as a function of external pump laser field intensity. In the region of this collective jump in atomic population, there is a large differential optical gain. If the pump laser intensity is chosen slightly below threshold for population inversion, a second control laser field can be introduced to act as a gate which determines whether the pump laser field is either attenuated or amplified by the medium. Since all of these processes involve coherent radiation-atom interactions, this system may form the basis of a low threshold optical switch or all-optical transistor [30] .
When a coherent laser field with average incident energy density and frequency interacts with a collection of two-level atoms in ordinary vacuum, the steady state behavior of the system is governed by the well-known Einstein rate equations. These equations implicitly make use of the smooth nature of the vacuum density of states in the vicinity of the atomic transition frequency In steady state equilibrium, the ratio of the number of excited atoms, , to the total number of atoms is given by [60] 
Clearly, as increases, the maximum value of is less than 1/2. In other words, it is not possible to invert a collection of two-level atoms with a coherent laser field.
From a more quantum mechanical point of view, the external laser field may be regarded as consisting of a large collection of photons. The atom-radiation field interaction Hamiltonian, , breaks the degeneracy between a state consisting of a given atom in its excited and -photons in the radiation field (which we denote by the ket and a state consisting of the given atom in its ground state and -photons in the radiation field (which we denote by the ket The matrix element is nonzero and the true eigenstates of the system are called dressed atomic states. These "dressed states" are linear combinations of the "bare" kets listed above. Accordingly, the eigenenergies of the dressed states are shifted from their bare values by an amount (Rabi frequency) where is the atomic dipole matrix element and is the laser field amplitude. This leads to the well-known Mollow fluorescence spectrum in ordinary vacuum [60] . Rather than a single peak in the atomic spectrum centered at the bare atomic transition frequency , the fluorescence spectrum exhibits three peaks centered at , , and The Einstein rate equation picture of the steady state atomic inversion, (16) , relies on the fact that the vacuum density of electromagnetic modes is relatively smooth on the scale of That is to say, the Einstein picture assumes that the rate of spontaneous emission in the Mollow sidebands at and is roughly the same. In ordinary vacuum this assumption is easily satisfied. Moreover, in ordinary vacuum, very high intensity fields are required to observe any Mollow splitting whatsoever. The situation is dramatically different in a PBG material where the density of states itself exhibits rapid variation from frequency to Another striking property of the photonic band edge is that atomic line splitting may be achieved with very low intensity fields. In particular, vacuum Rabi splitting of an atomic transition placed directly at the band edge has been predicted [24] - [26] . In other words, at a band edge, significant splitting can be expected in an atomic line even in the presence of a single photon! This leads to a dramatic modification of the Einstein picture.
In a weak applied laser field, atoms with a bare transition frequency which coincides with a photonic band edge will exhibit a pair of dressed states that straddle the band edge [24] - [26] . These two spectral sidebands will experience vastly different rates of spontaneous emission. The spectral component that is pulled into the gap will exhibit negligible decay. This component corresponds to a photon-atom bound state [24] . The spectral component that is pushed away from the gap can exhibit emission into the allowed modes of the photonic band. Population inversion for a collection of such atoms can readily be achieved by an external laser field due to trapping of excitation energy in the photon-atom bound state component [30] . The resulting collective switch in atomic population as a function of applied field intensity is depicted schematically in Fig. 11 . Details of this result may be found in [30] . This transition becomes increasingly sharp as the number of atoms increases and defines a region of large differential optical gain. It is expected that the collective switch can be achieved for a very low applied field and that the switching effect is robust with respect to a variety of dephasing effects due to lattice vibrations in the host PBG material. Two-level atoms are an idealization which illustrate the fundamentally new principles of electromagnetic interaction in a PBG material. Experimental realization of these new phenomena in quantum and nonlinear optics could take one of several forms. One of these is direct implantation doping of ions into a PBG material. For example Erbium ions implanted in silicon have recently been shown to exhibit sharp atomlike electroluminescence spectra [61] . A related possibility is the engineering of quantum dots or "artificial atoms" into the PBG backbone. These also exhibit sharp spectral lines [62] and coherent optical control of the exciton wavefunction in quantum dots has been demonstrated [63] . Finally there is the possibility of laser cooling of atoms and atom trapping within the void regions of a PBG. For example, laser illumination of an inverse opal PBG at a laser frequency corresponding to the upper band edge leads to an optical trapping potential for atoms in the spherical void regions [64] . This could be used to trap and cool Rubidium atoms in a GaP inverse opal for quantum optical experiments.
V. LIQUID CRYSTAL INFILTRATION:
THE FULLY TUNABLE PBG For many applications it is advantageous to obtain some degree of tunability of the photonic bandstructure through electro-optic effects. Such tunability may be obtained by controlling one or several forms of optical anisotropy of the constituent materials. The science of liquid crystals [51] , [65] , [66] , has spawned an entire industry related to these electrooptic effects. In earlier works, however, a rather pessimistic conclusion regarding the efficacy of birefringent photonic crystals was drawn [67] , [68] , since attention was restricted to unrealizable structures that consist of spheres of disconnected anisotropic, high dielectric materials in an air background. However, it is now well known that inverse opal structures, i.e., air inclusions in a high dielectric backbone material such as silicon provide a much more efficient scattering system both for ordered [52] , [57] as well as disordered [70] structures. For these inverse opals the optimal filling ratios of the high dielectric backbone lies around 24.5%, leaving a large empty volume for infiltration by a low refractive index liquid crystal with strong optical anisotropy. This large volume of birefringent material makes the resulting composite system highly efficacious for electro-optic tuning effects. In particular, a change in the orientation of the nematic director field with respect to the inverse opal backbone by an external electric field can completely open or close the full, 3-D PBG [69] .
We now evaluate the tunable bandstructure of the optimized inverted opal [52] , described above, made of silicon. This structure, which consists of about 24.5% silicon by volume, has a 8.6% bandgap between bands 8 and 9. Next, we partially infiltrate the nearly 75% void regions with the nematic liquid crystal BEHA [51] such that it wets the inner surface of the air spheres. The principal indexes of refraction for BEHA are and We choose 0.2812 so that roughly half the void volume is filled with BEHA and the total volume fraction of BEHA is 36.8%. This is depicted in Fig. 1 . In Fig. 12 we show the total photon density of states (DOS) when the nematic director is oriented along the (0, 0, 1) axis of the fcc backbone. The complete 8.6% PBG of the inverse opal backbone is destroyed upon infiltration of the liquid crystal but a pronounced pseudo-gap with a low DOS remains. The closing of the bandgap between bands 8 and 9 for (0, 0, 1) occurs first at the W-points of the full Brillouin zone which experience a strong anisotropy. If is rotated away from the (0, 0, 1) direction, different high symmetry points in the Brillouin zone will be affected differently. Most notably, the anisotropy seen by the W-points is reduced. In Fig. 13 we display the dependence of the gap size between bands 8 and 9 as rotates from (0, 0, 1) through (1, 1, 1) to the (1, 1, 0) direction. In terms of spherical coordinates, /4 and ranges from 0 to /2. For the liquid crystal PBG material, this leads to an opening of a complete PBG. The PBG reaches a maximum value of 1.6%, when points along the (1, 1, 1) axis, direction for which the anisotropy as seen by the W-point is at a minimum. The effect of reorienting on the photon density of states is further illustrated in Fig. 14 effect to the complete 3-D PBG which may be realized by an external electric field that controls the orientation of the nematic molecules.
VI. CONCLUSIONS
In summary, opal templates infiltrated with high index refractive index semiconductors such as Si, Ge, GaAs, or GaP provide a clear route to the realization of large scale 3-D PBG materials with gaps in the visible or near visible spectrum. Using this approach PBG materials exhibiting nearly perfect periodicity over several hundred lattice constants may be achieved. By fine tuning the materials synthesis, it is possible to double the size of the PBG. This involves careful sintering of the template spheres and careful control of the infiltration process. An increase in gap size is expected when the template is infiltrated over the range of 80-100% The maximum gap occurs, when the partial infiltration is approximately 90%.
Selective doping of a 3-D PBG material with active atoms or molecules that have a radiative transition in or near the PBG opens a new frontier in quantum and nonlinear optics. Apart from the relatively well-known applications such as low-threshold microlasers, doped 3-D PBG materials represent a new class of resonant nonlinear materials in which the threshold for nonlinear response is considerably lower than in conventional photonic materials. This may lead to applications in optical switching and all-optical transistor action. NonMarkovian radiative dynamics from an atom placed inside a PBG material at a location where the local density of states (LDOS) varies rapidly with frequency may differ considerably from that suggested by simple estimates based on Fermi's Golden Rule.
Finally, we have demonstrated the complete electro-optical tunability of a 3-D PBG by partially infiltrating an inverse opal PBG material with a nematic liquid crystal. The resulting tunability of spontaneous emission, wave-guiding effects, and light localization may considerably enhance the technological utility of liquid crystal-PBG materials over and above that of the simpler nontunable systems.
